Brain injury affects one-third of persons who survive after heart attack, even with restoration of spontaneous circulation by cardiopulmonary resuscitation. We studied brain injury resulting from transient bilateral carotid artery occlusion (BCAO) and reperfusion by simulating heart attack and restoration of circulation, respectively, in live C57Black6 mice. This model is known to induce neuronal death in the hippocampus, striatum, and cortex. We report the appearance of edema after transient BCAO of 60 minutes and 1 day of reperfusion. Hyperintensity in diffusion-weighted magnetic resonance imaging (MRI) was detectable in the striatum, thalamus, and cortex but not in the hippocampus. To determine whether damage to the hippocampus can be detected in live animals, we infused a T 2 susceptibility magnetic resonance contrast agent (superparamagnetic iron oxide nanoparticles [SPIONs]) that was linked to single-stranded deoxyribonucleic acid (DNA) complementary in sequence to c-fos messenger ribonucleic acid (SPION-cfos); we acquired in vivo T 2 *-weighted MRI 3 days later. SPION retention was measured as T 2 * (milliseconds) signal reduction or R 2 * value (s 21 ) elevation. We found that animals treated with 60-minute BCAO and 7-day reperfusion exhibited significantly less SPION retention in the hippocampus and cortex than sham-operated animals. These findings suggest that brain injury induced by cardiac arrest can be detected in live animals.
B RAIN EDEMA after experimental and clinical cardiac arrest is predictive of poor neurologic prognosis; it occurs despite restoration of circulation using various means. 1, 2 To improve our understanding of cerebral injury induced by heart attack, we established a global cerebral ischemia (CI)-reperfusion model to investigate brain injury by simulating cardiac arrest in male C57Black6 mice. 3 This model typically involves bilateral carotid artery occlusion (BCAO) of less than 120 minutes to restrict blood flow to the brain by 85 to 89% and release of BCAO to allow reperfusion, simulating restoration of circulation. 4, 5 Previous investigations have demonstrated elevation in reactive oxygen species, precursors of gene damage, deoxyribonucleic acid (DNA) fragmentation, and neuronal apoptosis in the hippocampus, striatum, frontal cortex, and piriform cortex. [4] [5] [6] [7] [8] Unlike more commonly used stroke models, use of this model for investigating cerebral edema or necrosis has been reported by only a few laboratories. 9, 10 Detection of apoptosis in living subjects using advanced diffusion-weighted imaging (DWI) is difficult because the process is not associated with either abnormal water content or gross morphologic changes. However, recent advances in ligand-targeting contrast agents have shown that it is possible to detect the process of cellular apoptosis in vivo. [11] [12] [13] [14] [15] [16] [17] [18] [19] Detection requires specific proteinantibody interactions on cell surface markers associated with apoptosis; therefore, injection of probe must be timed to coincide with expression of surface markers.
Several single-stranded phosphorothioate-modified oligodeoxynucleotides (sODNs) with messenger ribonucleic acid (mRNA)-complementary sequences have been shown to have specific targeting properties on cerebral mRNAs after being taken up by the brain cells of live animals. [20] [21] [22] [23] [24] [25] [26] Retention of sODN in the brain is also mRNA sequence specific. We developed a novel magnetic resonance contrast probe by labeling superparamagnetic iron oxide nanoparticles (SPIONs) with mRNA-targeting sODN. The target gene transcript in this study is c-fos mRNA, which can be detected in cerebral neurons. 27 Fos, the protein of cfos mRNA, is an important component of activator protein 1, which regulates the transcription of many genes, including nerve growth factor. 28 We selected this target mRNA because normal and active brain cells express minimal levels of c-fos mRNA and because its turnover is 10 minutes or less. 29 Given these properties of c-fos, we expect to find much lower levels of c-fos mRNA in apoptotic cells, where DNA fragmentation prevents new transcription, than in live animal cells ( Figure 1 ). We hypothesize that our new magnetic resonance probe will offer detection for distinguishing living and dead cells in the brains of live animals. We show here vulnerability in regions of the mouse brain following treatment that simulates cardiac arrest, which, although undetectable with DWI, can be detected by differential uptake of SPIONcfos.
Materials and Methods

Contrast Probe Preparation
Dextran-coated SPION was prepared as described previously. 30, 31 Briefly, freshly synthesized SPION was activated with cyanogen bromide, 32 and reacted with NeutrAvidin (NA, Pierce Biotechnology, Rockford, IL) in the presence of 1 M sodium cyanoborohydride. The covalently linked product, SPION-NeutrAvidin (SPION-NA), was filtered (Centricon Plus-100, Millipore Corp., Bedford, MA), dialyzed against a 203 volume of sodium citrate buffer (25 mM, pH 8.0) and stored in amber vials at 4uC.
The antisense sODN (cfos, 59-catcatggtcgtggtttgggcaaacc-39) with sequence complementary to c-fos mRNA at nucleotides 115 to 140 (GenBank accession No. X06769, locus rncfos) was purified using polyacrylamide gel electrophoresis. To trace sODN-cfos uptake, we labeled the 39-OH terminus of cfos with digoxigenin-deoxyuracil triphosphate, generating 59-biotin-sODN-cfos-39-digoxigenin with terminal transferase (Roche Applied Sciences, Indianapolis, IN). The biotinylated oligo-39-digoxigenin was purified using a dextran column for biotinylated oligo DNA (Roche Applied Sciences) and stored at 220uC. 28 SPION-NA (250 nmol Fe) was incubated with the Figure 1 . A, Description of the oligo nucleic acid-based superparamagnetic iron oxide nanoparticle (SPION) probe. Linkage of SPION and singlestranded phosphorothioate-modified oligodeoxynucleotides is based on the avidin-biotin interaction. B, Cartoon depicting how living cells with normal cfos messenger ribonucleic acid (mRNA) transcription are able to retain SPION-cfos probe by complex formation based on complementary base pairing between the probe and the intracellular mRNA target. The presence of T 2 * magnetic resonance contrast agent (SPION) can cause localized magnetic resonance signal reduction owing to cells that contain SPION. On the other hand, dead cells damaged by apoptosis exhibit fragmented deoxyribonucleic acid (DNA), and no new cfos mRNA can be transcribed owing to a lack of available DNA template. As a result, there is less or no uptake of SPION-cfos by the dead cell. biotinylated sODN (1 nmol) at 4uC for at least 30 minutes; lipofectin (1 mg/mL, Invitrogen Life Technologies, San Diego, CA), shown to facilitate sODN uptake, 28 was added prior to infusion. The resulting conjugate is abbreviated as SPION-cfos.
Animal Surgical Procedures
Apoptosis Induction
All procedures and animal care practices adhered strictly to the Association for the Assessment and Accreditation of Laboratory Animal Care, Society for Neuroscience, and institutional guidelines for experimental animal health, safety, and comfort. After anesthetizing male C57Black6 mice (24 6 3 g; Taconic Farm, Germantown, NY) with a mixture of ketamine (80 mg/kg, intraperitoneally) and xylazine (12 mg/kg, intraperitoneally), we made a midline ventral incision in the neck. Both common carotid arteries were isolated, freed of nerve fibers, and occluded for 60 minutes using nontraumatic aneurysm clips (Fine Science Tools, Inc., Foster City, CA). The occlusion was released for reperfusion as described previously. 3 Complete occlusion (no blood flow) or blood flow restoration was directly observed under a surgical microscope (Zeiss OPMI-6, Carl Zeiss Microimaging, Inc., Thornwood, NY). Sham-operated (SO) animals underwent the same surgical procedure except for actual execution of artery occlusion. The skin was closed with sutures, and the animals were returned to the same cage for 1 week before SPION-cfos probe delivery. Body temperature was monitored and maintained at 37 6 1uC throughout surgery and the immediate postoperative period, until the animals recovered fully from anesthesia. The mortality rate with this model was 12%; all deaths occurred in animals with reperfusion of 16 to 48 hours. The mortality rate was similar to that reported in mice. 3, 33 
Delivery of Contrast Conjugates
We selected intracerebroventricular (ICV) delivery to the left ventricular space because we found that circulation of the cerebrospinal fluid in the ventricular space distributes the probe more evenly than intracerebral injection directly to the hippocampus or cortex. 28 Animals were anesthetized (as described above) and positioned in a stereotaxic device (Stoelting, Wood Dale, IL). SPION-cfos was delivered to the brain via ICV infusion to the left cerebral ventricles at a dose of 0.08 mg Fe/kg body weight in 2 mL sodium citrate solution (25 mM). The dose was one order of magnitude lower than the 1.1 mg Fe/kg nontoxic dose used in humans. 34 The spatial coordinates of the ICV infusion site were left to right, 21.0 mm; anterior to posterior, 20.4 mm; dorsal to ventral, 23.0 mm, referenced to the bregma.
Histology and Molecular Biological Assay
Postmortem Tissue Preparation Animals were anesthetized as described above and transcardially perfused with 15 mL heparinized saline at a rate of 5 mL/min and then with 15 mL freshly prepared paraformaldehyde (4%) in 0.1 M phosphate-buffered saline (PBS, pH 7.4) at the same rate. The brains were removed from the animals' skulls and kept overnight in paraformaldehyde solution at 4uC. The following day, the brains were placed in 20% sucrose-PBS solution for more than 8 hours. Brains were either immediately scanned with magnetic resonance microscopy in a 14-Tesla magnetic resonance imaging system or processed for paraffin block preparation. 35 Postmortem tissue samples were prepared 1 or 3 days after infusion (specified in the Results), and coronal tissue slices (20 or 100 mm) were prepared from paraffin-embedded blocks. 21 
Immunohistochemical and Iron Staining
To examine the distribution of sODN-cfos-digoxigenin in the brain tissue, we used fluorescein isothiocyanate (FITC)labeled immunoglobin G (IgG) against digoxigenin (FITC-IgG 3 dig). Fluorescence was detected with a mercury light source and a filter with a 495 nm broad spectrum suitable for wavelengths of 470 nm (excitation) and 525 nm (emission); we captured images with a SPOT 1 digital camera (Diagnostic Instruments, Detroit, MI) mounted on an Olympus BX-51 microscope. 35 We used terminal UTP nick-end labeling (TUNEL) staining (Apop-Tag Detection Kit, Oncor, Gaithersburg, MD) to determine cell death. 3 To detect intracellular iron particles, we stained the brain tissue of an adjacent tissue slice with histologic stains commonly used for detection of intracellular iron: Prussian blue with 2% potassium ferrocyanide in 2% HCl (Perl's method) and nuclear fast red, a nucleus counterstain (Fisher Chem. Co., Houston, TX).
Necrosis and Edema of the Brain after BCAO
The cytotoxicity of BCAO simulating cardiac arrest was confirmed by 2,3,5-triphenyltetrazolium chloride (TTC) assessment. 36, 37 Brain edema was identified by hyperintensity in DWI and reduced apparent diffusion coefficients (ADCs) in the same region, that is, when the ADC in the hyperintense region was reduced to 2 SD below the average ADC in normal brains. See the MRI protocol below for a description of DWI and ADC acquisition.
MRI Protocol
In vivo image acquisition was performed with 9.4-Tesla MRI (Bruker Avance system, Bruker Biospin MRI, Inc., Billerica, MA) at different postinfusion time points. Animals were anesthetized with 2% halothane in pure O 2 (800 mL/min flow rate), and blood oxygenation levels were monitored by pulse oximetry. A 1-inch surface coil was used for excitation and signal detection. We used serial gradient echo (GE) images with a constant repetition time (TR 5 500 milliseconds) and incremental echo spacing (TE 5 3, 4, 6 milliseconds) to construct R 2 * maps (R 2 * 5 1/T 2 *) for a 500 mm-thick slice at a resolution of 120 mm in the image plane.
We acquired DWI and ADC with the following sequence: TR/TE 5 3,000/27 ms, b 5 154, 1,160 s/mm 2 , 180 3 180 mm 2 in-plane resolution, and 1 mm slice thickness for assessment of tissue injury. Images at b 5 1,160 (DWI) and maps of the ADC were calculated using a pixelwise linear fitting algorithm based on a monoexponential (exp) equation S 5 So 3 exp (2b 3 ADC), where S is the signal intensity of the images.
Postmortem image acquisition was performed using a 14-Tesla MRI scanner (Bruker Avance system, Bruker Biospin MRI, Inc.). We immersed the brains in 1 cm nuclear magnetic resonance (NMR) tubes in perfluoro compound solution FC-40 to eliminate background proton signals. We used a 1 cm volume coil and a fast low-angle shot (FLASH) gradient echo sequence to obtain three-dimensional high-resolution MRIs (TR/TE 5 50/18 ms, 40 3 40 3 40 mm 3 , flip angle 20u).
Subtraction Maps and Data Analysis
We coregistered the MRIs and computed the mean R 2 * maps of SO and BCAO-treated animals using in-house software (Martinos Center for Biomedical Imaging at Massachusetts General Hospital). Corresponding brain slices were subtracted (CI minus SO) and the percent decrease in R 2 * was computed. We chose to use the R 2 * values, defined as the inverse of T 2 * values. A computergenerated color scale in negative values, ranging from 210 to 250%, is presented for reference. Approximate outlines of the hippocampus were drawn from rapid acquisition with relaxation enhancement (RARE) anatomic images and transposed onto the color-coded subtraction map for anatomic reference. The subtraction R 2 * map minimized possible artifact stemming from the position of the surface coil in both groups. We selected magnetic resonance slices from the MRI data of each animal group (0.7 to 22.7 mm, relative to bregma) for t-test statistical analysis but avoided slices with partial-volume artifacts in regions close to the olfactory bulbs and the nose.
Results
Cell Death after CI Simulating Cardiac Arrest in C57Black6 Mice
We compared (1) DNA fragmentation in postmortem samples and (2) DWI in live C57Black6 mice (n . 4 each group) after BCAO-induced CI or SO (see Figure 2A for the protocol). We observed that BCAO induces DNA fragmentation as early as 1 day of reperfusion in the hippocampus and cortex and that the areas with TUNELpositive nuclei included the dentate gyrus (DG) and pyramidal cell layer of the cornu Ammonis (CA) fields. Figure 2F shows gliosis-reactive glia; astrocyte enlargement can be identified near the apoptotic neuron (arrow), around vessel walls, and near ventricular walls. In some animals, a certain portion of neurons in the CA1 formation did not show DNA fragmentation 1 day after BCAO (box, Figure  2D ). Neurons both with and without neuropeptide Y are vulnerable to DNA fragmentation ( Figure 2 , G and H).
DWI, along with ADC, identifies small alternations in tissue and indicates regional diffusion of water molecules resulting from metabolic effects of CI. DWI is a sensitive marker for edema induced by stroke episodes in humans. 38 We detected hyperintensity using DWI and constructed maps of the ADC in each live animal treated with either transient 60-minute BCAO or SO; we observed that changes in DWI and ADC were detectable 10 hours post-treatment in all animals after BCAO of 60 minutes. DWI hyperintensity was found to occur concurrently with ADC reduction in the striatum and septal nucleus at 1 day of reperfusion ( Figure 3A ). Nearly half of the animals treated with BCAO showed edema in the thalamus and hypothalamus, either at 1 day of reperfusion (not shown) or at 7 days (arrows, Figure 3B ). Because cortical regions did not show focal abnormalities on DWI (see Figure 3A ) but statistical analysis revealed ADC reduction ( Figure  3C ), we identified cortical edema by comparing ADC. We observed no necrosis with 2,3,5-TTC assessment in 10 of 11 BCAO-treated animals that showed edema (not shown). DWI (and reduction in ADC) did not allow us to conclude that hippocampal damage had occurred, although we did observe DNA fragmentation using the TUNEL assay in these regions (see Figure 2C ).
SPION-cfos Uptake in Live Animals
Living brain cells have been shown to take up and retain SPION-cfos. 39 We aimed to demonstrate differential retention of SPION-cfos in living and dead neurons. We first demonstrated delivery of SPION-cfos or SPION to the left cerebral ventricle (ICV delivery to the ipsilateral ventricle) and acquired MRI 1 day later. Compared with both the preinfusion baseline and animals that received unconjugated SPION, we observed that live animals infused with SPION-cfos exhibited bilateral signal reduction (caused by the presence of SPION-cfos in the brain) in T 2 *-weighted MRIs along the ventricular wall 1 day after infusion. We observed similar signal reduction in the ipsilateral and contralateral ventricles, suggesting that this delivery method causes the probe to mix with the cerebrospinal fluid in the ventricular space. T 2 * signal reduction also appeared in the parenchyma of the lateral and third ventricles in living mice; the presence of SPIONcfos in the lateral ventricles on the first day was strong and produced a T 1 effect between the parenchyma and ventricle (white rings around the ventricle, Figure 4B ). Susceptibility artifacts attributable to the air-tissue interface were observed near the ear canals and trachea in the lower portions of all images (long arrows, Figure 4 , A-C). Because these artifacts do not directly represent SPIONinduced signal reduction in the brain tissue and may bias data analysis in the mouse brain, they are not included in subsequent data analysis. This observation also provided a rationale for comparing SPION uptake in the hippocampus and somatosensory cortex to avoid regions with susceptibility artifacts.
To reveal the presence of SPION-cfos in brain regions where we detected magnetic resonance signal reduction, we collected postmortem samples 1 day after ICV delivery of SPION-cfos-digoxigenin. We observed positive FITC-IgG 3 dig in the locations where we also observed positive sODN-cfos-digoxigenin staining (short arrows, Figure 4D ) and iron oxide staining (short arrows, Figure 4E ). We also observed minute intracellular iron particles in the neuronal formation (the DG) of the hippocampus (Figure 4E , insert) and in the cortex ( Figure 4G ). No such staining was observed in the hippocampus and cortex when unconjugated SPION was delivered (Figure 4 , F and H).
Normal Temporal Profile of Cerebral SPION-cfos
We compared SPION-cfos retention 1, 2, 3, and 6 days post-ICV infusion. Figure 5 reveals that R 2 * in the hippocampus and somatosensory cortex of the contralateral hemisphere continued to increase for 3 days and then decreased toward baseline values on the sixth day. We therefore decided that assessment of probe retention 3 days after SPION-cfos infusion at the 0.08 mg Fe/kg dose was appropriate for subsequent studies.
Hippocampal and Cortical Regions with Cell Death Show Less SPION Retention
We aimed to test the application of our SPION-cfos probe for detection of dead cells in live animals. We first showed that the probe was retained in the brains of SO animals. Because cerebral apoptosis in this model occurred mostly in neurons, we focused our comparison of MRIs in the hippocampus, where the distinctive neuronal formations of the DG and CA could be identified.
Analysis of the R 2 * Maps in Live Animals after Stroke
In vivo MRI was performed in both SO and CI-treated animals 3 days after ICV infusion of SPION-cfos. Figure  6A compares the GE MRIs (TR/TE 5 500/6 ms) and maps of animals that received CI and SO. We found that the brain images of SO animals exhibited greater signal reduction in T 2 * maps of the cortex and hippocampus than did the brain images of CI animals. The SO group exhibits higher R 2 * values than the CI group. Cortical and hippocampal R 2 * in the subtraction map are decreased by more than 20% ( Figure 6B ). We subsequently obtained R 2 * values for these regions of interest in each animal for statistical analysis. Unlike the images acquired 1 day after ICV infusion (see Figure 4B ), we observed no T 1 effect attributable to localized high concentration of SPION-cfos 3 days post-ICV infusion for either CI or SO animals. . A to C show T 2 *-weighted images of preinfusion baseline, SPION-cfos-digoxigenin, and SPION-infused brains 1 day after infusion in live animals. Long arrows (pointed upward) point to the tissue-air interface from the trachea and ears. Images were produced using a 9.4 T magnetic resonance imaging (MRI) system. Histology of SPION uptake was acquired in postmortem brain samples after MRI. These brain sections were 10 mm in thickness. D shows fluorescein isothiocyanate (FITC)-antidigoxigenin antibodies (white fluorescent staining) on cfos-digoxigenin in the dentate gyrus (DG). Iron oxide was detected in a similar area of the adjacent brain section using Prussian blue (PB) stain and nuclear fast red (NFR) counterstain (E-H). F shows the PB stains of the SPION-infused brain sample. Short arrows (pointed down) indicate colocalization of iron oxide detected by PB stain. G and H show the cortices. ICV 5 intracerebroventricular; IPSI 5 ipsilateral to the infusion site.
Statistical Analysis in Live Mice
We observed that the SO group consistently exhibited significant R 2 * elevations in the hippocampus, indicating that in normal mice, cells in hippocampal regions are able to retain SPION-cfos probes 3 days after infusion ( Figure  7) . On comparing SPION retention in the CI and SO groups, we showed that the group treated with BCAO exhibited significantly lower R 2 *, from 100 to 60 s 21 in the cortex (p 5 .01, t-test) and from 80 to 60 s 21 in the hippocampus (p 5 .03, t-test).
Magnetic Resonance Microscopy
We aimed to validate the potential application of this probe for detection of cerebral apoptosis in live animals. Figure 8 , A and B, shows postmortem, high-resolution, T 2 *-weighted MRIs of the contralateral hemisphere in representative SO and BCAO-treated animals that received SPION-cfos infusion. Stronger magnetic resonance signal reduction, compared with baseline, in the ventricular space surrounding the hippocampus in both treatment groups (asterisks) suggests delivery of SPION-cfos to the brain. We observed that the presence of SPION-cfos correlated with signal reduction in the SO brain, especially in the well-defined DG and CA (arrows, Figure 8A ); we observed less signal reduction in the cortex and in the neuronal formations of the DG and CA in MRIs of brains treated with CI ( Figure 8B ). In the CI brain, we also observed T 2 * signal reduction in the CA1 region (arrow, see Figure 8B ), where neurons did not show positive TUNEL staining (box, see Figure 2D ). This result suggests that T 2 * signal reduction represents retention of SPION-cfos and reflects the presence of live cells. In conclusion, we have demonstrated that the region lacking SPION retention capabilities is also the region that exhibits DNA fragmentation in the group treated with BCAO-induced CI. With further investigation, this probe may prove to have applications for neurologic disorders.
Discussion
We have described here detection of cortical and hippocampal lesions after global CI in live C57Black6 mice. We employed conventional DWI/ADC maps to detect brain edema and developed a transcription probe for MRI to assess neuronal status. After 60 minutes of BCAO, cerebral edema and neuronal death appeared in selectively vulnerable brain regions. Development of brain damage measured with DWI/ADC (cerebral edema) or neuronal death (DNA fragmentation or apoptosis) appears less defined than is often reported with focal stroke models. Most global CI models that simulate cardiac arrest Figure 5 . In vivo R 2 * profile in two contralateral brain regions of the brain. Regions of interest (ROI) were outlined in the panels to the left (hippocampus) and right (somatosensory [SS] cortex) of the bar graph. Progressive elevation of R 2 * in both brain regions was observed for 3 days. Hippocampal regions reached plateau at 3 days (p 5 .01), whereas the SS cortex exhibited significant elevations at 1, 2, and 3 days (p # .03). R 2 * values in both regions decreased to the baseline on day 6, suggesting washout (clearance) of the probe. SEM 5 standard error of measurement. are studied in gerbils, 40 which have no functional collateral blood flow from the posterior communicating arteries known as the circle of Willis; therefore, the lesion produced by such models is considered somewhat different from what would be expected to occur in human brains. Other models have used asphyxiation in the rat to study cerebral edema using a conventional wet-to-dry weight ratio known to accurately reflect edema in the tissue. 41 However, this model is less specific for regional reporting. Normalizing ADC can be a reliable indicator of edema. 42 C57Black6 mice are an inbred strain with partial but functional posterior communicating arteries. 4 BCAOinduced brain injury in the cortex and hippocampus of CD-1 and C57Black6 mice is correlated with the duration of BCAO and the patency of the circle of Willis. 4, 43 Cerebral damage in the human brain appears in selectively vulnerable brain regions such as the hippocampus, thalamus, frontal and parietal cortices, and cerebellum in patients who suffer comatose cardiac arrest. 44 Others have described the most characteristic findings in MRI as symmetric lesions in the bilateral basal ganglia, thalami, and/or substantia nigra. 2 Recall and recognition memory difficulties often accompany out-of-hospital cardiac arrest survivors, 45 and significant memory impairment is associated with global cerebral atrophy. 46 The vulnerable regions in mouse brains show some similarity to those in human brains after cardiac arrest. In our experimental animal models, the lesions after reperfusion appeared late (after more than 12 hours) in both DWI/ADC and DNA fragmentation tests. This result is consistent with the slow development of cerebral edema in humans after cardiac arrest, 10, 47 except that we did not observe hippocampal damage using DWI/ADC in mice. Conventional methods for detection of apoptotic cells include assays on biopsy or autopsy samples, which are characterized by the presence of chromatin condensation, nuclear DNA fragmentation, expression of apoptosisspecific antigens, and apoptotic bodies. 3, [48] [49] [50] Wellestablished molecular biology methods such as TUNEL staining or DNA ladder assay have used postmortem samples to detect DNA fragmentation (an early process of apoptosis in most, if not all, cell types), although these assays give false-positive signal for cells in the S phase and cannot always give specific identification in cancer research and neurogenesis. Elevated levels of neuronal apoptosis in the central nervous system are associated with acute and chronic neurodegenerative diseases, 51 but less invasive and specific detection is advantageous for targeted interventions. 52 By labeling an sODN with sequence complementary to cfos mRNA of neuronal origin onto SPION, we have demonstrated a new class of magnetic resonance contrast agent that shows (1) the magnetic resonance signal reduction with an extended window for detection in live mouse brains, (2) a correlation between magnetic resonance assessment of SPION retention and histologic examination of iron and cfos uptake, and (3) retention of SPION-cfos as an active process in live cells of the brain. These properties of SPION-sODN illustrate the feasibility of their application for the identification of dying cells that escape DWI detection.
Muldoon and colleagues reported that unconjugated SPION (833 pmol/kg) is not retained in the brain beyond 3 hours 53 ; however, studies of cells in culture for transplantation have shown that oligodendroglial cells take up an iron-based magnetic resonance contrast agent. 54 DNA-based magnetic resonance contrast agents have been used to detect DNA cleaving activities in cellular extracts. 55 We show here that SPION-cfos is retained in live animals for at least 3 days at a dose of 0.08 mg Fe/kgone order of magnitude less than the dose Muldoon and colleagues reported.
Following ICV delivery, sODN with sequence complementary to c-fos mRNA (sODN of cfos) but without SPION has been histologically shown to initially attach to the ventricular wall and then appear in the parenchyma, where it binds to c-fos mRNA, its cellular target. 21, 35 We show the presence of SPION-cfos in the ventricular walls of the lateral and third ventricles; we also demonstrate with Figure 7 . Profiles of superparamagnetic iron oxide nanoparticle (SPION) retention in R 2 * maps of three groups of animals. Probe retention in the ischemia-treated group is significantly lower than in the sham-operated group (t-test). No significant difference in retention was observed between baseline animals without SPION-cfos infusion and cerebral ischemia-treated animals with SPION-cfos infusion. The number of animals is given below the bar graph. The outlines of the hippocampus and cortex were referenced from the anatomic images and superimposed on individual R 2 * maps as regions of interest (ROI); R 2 * values within two ROIs of each animal were extracted from individual R 2 * maps as ROI-hippocampus and ROI-cortex for statistical analysis. Mean R 2 * and standard error (SEM) are shown. RARE 5 rapid acquisition with relaxation enhancement. MRI its migration into the parenchyma in living mice (see Figure 4B ). The result suggests that MRI is as sensitive as conventional histology and molecular biology detection methods.
The exact routes of probe uptake and distribution are not well understood, although they likely involve migration across a number of barriers such as the Virchow-Robins space, the perivascular lymphatic space between the vessels of the central nervous system, and the glial membrane on the brain surface between the parenchyma and ventricle wall. Using an MRI detection method, we have shown as a proof of concept that SPION-cfos is distributed and causes magnetic resonance signal reduction for more than 1 day. None of these observations were made in animals that received SPION without conjugation to sODN (see Figure 4 ).
The distribution of SPION-cfos in cerebral ventricles using the ICV delivery technique is different from the distribution observed using a viral vector. 56, 57 ICV infusion, a convection-enhanced delivery method, 56 allows cerebrospinal fluid to distribute SPION-sODN in the brain. This delivery method represents an improvement over previously documented intracerebral or intra-axonal injection techniques 58, 59 as evidence of R 2 * elevation indicates that SPION-cfos migrates to the contralateral hemisphere, most likely through the cerebrospinal fluid circulation (see Figure 4B ), to the ventricular wall and then through the perivascular space and/or axonal transport. The mechanism of such probe migration and transfer may involve more robust, although still unknown, pathways.
Although all types of brain cells reportedly take up sODN, 60 we have shown that sODN of cfos binds to its cerebral mRNA target at the neuronal formation. 21 Furthermore, our results from both in vivo and postmortem MRI studies indicate correspondence between cerebral retention of iron (see Figure 4 , E and G) and magnetic resonance assessment (see Figures 4 to 8) . The retention of SPION-cfos is shown to be driven by hybridization between sODN of SPION-cfos and neuronal c-fos mRNA. 61 Our data in Figure 6 show higher SPION retention in the brains of animals that received SPIONcfos after SO compared with those that experienced BCAO. We have shown that ICV delivery does not destroy cerebral c-fos mRNA. 21 Our results from current studies, showing that living cells retain SPION-cfos, are consistent with that report.
In this study, we observed colocalization of cfos and Prussian blue-stained iron 1 day after ICV SPION-cfos infusion (see Figure 4 , D and E). No SPION retention was observed when a mixture of unlinked SPION and sODN was infused. 39 Given that linked SPION-cfos survives infusion to and is retained by the brain, the sODN of SPION-cfos seems to serve as a carrier for SPION. Our results thus suggest that the stability of a heteroduplex between a cellular target and sODN of cfos is correlated with the stability of SPION-cfos in live brain cells. Because c-fos mRNA is minimally expressed in normal live neurons of the brain and cellular c-fos mRNA has a very short halflife, we expect very little target c-fos mRNA to be present in neurons that show DNA fragmentation 7 days after CI. In fact, we observed no retention in regions where we detected DNA fragmentation in ischemia-treated brains, specifically in the cortex and hippocampus.
In this proof-of-concept study, the ICV infusion method of delivering probe to the brain cells bypasses the blood-brain barrier to achieve robust distribution at a very low dose of the reporter probe and to reduce ironrelated toxicity, if it exists. Although ICV infusion is not the ideal method of delivery, the ICV route is a very efficient way to deliver genes and stem cells in studies of gene therapies and neurogenesis, respectively. This probe may have applications in gene therapies and stem cell delivery, especially in experimental studies of animals, for which lumbar puncture is not a feasible option. This route may thus have viable applications, at least for the contralateral hemisphere, without requiring autopsy or tissue biopsy. Intravascular delivery might also be considered in other disease models in which the blood-brain barrier is disrupted, an important consideration for longitudinal studies at the cellular and molecular levels for drug discovery. In conclusion, using highresolution MRI, immunohistochemistry, and histology, we have demonstrated the ability of our DNA-based magnetic resonance contrast probe to detect apoptotic cell death in the brain.
